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S U M M A R Y
Background: The bacterial genus Salmonella encompasses a large number of serotypes that are
genetically very similar but biologically quite different, especially in pathogenic properties and host
speciﬁcity. Serotyping has been used for the classiﬁcation, identiﬁcation, and epidemiological
investigation due to its excellent discriminating power, but it cannot distinguish the different
pathogenic lineages within a polyphyletic serotype. Additionally, very few institutions have the
comprehensive set of antisera for typing. Therefore various studies have been performed to explore
alternative assays to differentiate Salmonella isolates, such as the search for genes that can be used as
potential molecular substitutes for serotyping. However, the genes tested so far have often given
inconsistent results.
Methods: In this study, the discriminating power of seven genes to differentiate 309 Salmonella strains
representing 26 serotypes was evaluated and the results were compared with those of other methods.
Results: The seven newly selected genes have a good power to differentiate different serovars. The tree
based on the concatenated sequences of these genes revealed phylogenetic relationships of the bacteria
consistent with that of the whole genome tree.
Conclusion: Individual Salmonella lineages each have speciﬁc genes that can be used to differentiate
Salmonella isolates on a phylogenetic basis.
 2016 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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jou r nal h o mep ag e: w ww .e lsev ier . co m / loc ate / i j id1. Introduction
Since the divergence from a common ancestor with Escherichia
coli more than 100 million years ago,1 Salmonella have developed
into more than 2600 serotypes that cause a variety of illnesses in
humans and other animals. All Salmonella lineages are closely
related, as revealed initially by DNA–DNA re-association assays2
and then by physical mapping3 and genomic sequencing.4–9
Notwithstanding the observed genetic relatedness among the
Salmonella lineages, they differ profoundly in host range and
pathogenic features,10,11 causing clinical consequences ranging
from no obvious disease to mild gastroenteritis to potentially fatal
systemic infections such as typhoid fever in humans. Therefore, the
timely and accurate identiﬁcation of Salmonella isolates is of great
clinical signiﬁcance.* Corresponding author. Tel.: +86 45186669150; fax: +86 45187502720.
E-mail address: slliu@ucalgary.ca (S.-L. Liu).
http://dx.doi.org/10.1016/j.ijid.2016.05.029
1201-9712/ 2016 The Author(s). Published by Elsevier Ltd on behalf of International S
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Various typing methods, such as multilocus sequence typing
(MLST), pulsed-ﬁeld gel electrophoresis (PFGE), and phage typing,
have been developed to discriminate these closely related
bacteria,12–16 of which serotyping has been the most widely used
assay owing to its excellent discriminating power. However,
serotyping has multiple disadvantages, such as low throughput,
high expense, the need for expertise, and the requirement of a
comprehensive set of antisera, which is not available to many
institutions. Most importantly, however, is the fact that many
Salmonella serotypes are polyphyletic, containing more than one
phylogenetic (and pathogenic) lineage. As a result, alternative
methods have been attempted for discriminating Salmonella, such
as PFGE, ribotyping,17 sequencing of H antigen genes (ﬂiC and
ﬂjB),18 and 16S–23S rRNA spacer restriction fragment length
polymorphism (RFLP).19 These methods may yield important
information for epidemic analysis, but their discriminating ability
is usually insufﬁcient for accurate identiﬁcation. MLST is an
excellent method to discriminate strains based on their sequenceociety for Infectious Diseases. This is an open access article under the CC BY-NC-ND
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molecular typing of many bacteria.20,21 Recently, MLST has been
proposed for Salmonella typing due to its high resolution
performance in delineating the serotypes.12 Other genes such as
rpoB have also demonstrated utility in Salmonella identiﬁca-
tion.22,23 However, no sets of genes hitherto reported have shown a
discriminating power similar to that of serotyping.
In a previous study by the present study group, 27 Salmonella
genomes (which were completed before March 2012) were
compared and the polymorphisms of a selected set of genes were
analyzed, including some conserved genes (i.e., genes common to
all compared genomes) and some from genomic islands, among the
different serotypes.24 It was found that 10 of the analyzed genes
were polymorphic among most of the serotypes compared and
thus it was considered that they may be useful in delineating
Salmonella. In the present study, a phylogenetic analysis of seven
selected genes was conducted and comparisons were made with
the rpoB gene and the seven MLST genes to examine their
discriminating power among the different Salmonella serotypes. A
series of additional genes present only in individual serotypes were
also evaluated and it was found that the combined use of the genes
could signiﬁcantly improve gene-based Salmonella typing.
2. Materials and methods
2.1. Retrieval of gene sequences
Among the 10 highly conserved genes identiﬁed in the previous
study that were polymorphic across most of the 15 serotypes
analyzed,24 three, i.e., STM2379, cpsG, and STM4261, were not
included in this current study, because STM2379 is a pseudogene in
Salmonella Heidelberg B182, cpsG has duplicates in several
genomes, and STM4261 is 16 680 bp, which is too long to be of
practical use. To ﬁnd Salmonella strains with all of the seven
selected genes (nuoG, srfC, napA, yhgE, priA, cpdB, and entF), rpoB,
and the seven MLST genes (aroC, dnaN, hemD, hisD, purE, sucA, and
thrA) being sequenced, a BLAST search of the nucleotide sequences
of each of these genes in Salmonella Typhimurium LT2 was
performed against the NCBI non-redundant and whole-genome
shotgun contigs database, and only strains that had all of these
genes sequenced were picked up for further analysis.
2.2. Construction of phylogenetic trees
Nucleotide sequences of the seven selected genes, rpoB, and the
seven MLST genes were aligned using ClustalW in BioEdit software
with default parameters. Phylogenetic trees were constructed by
neighbor-joining method with MEGA software (version 5.0). The
reliability of the neighbor-joining trees was estimated by bootstrap
analysis with 1000 replicate datasets. The substitution model was
‘maximum composite likelihood’, substitutions included ‘transi-
tions + transversions’, rates among sites were set as ‘uniform’, the
pattern among lineages was set as ‘same’ (homogeneous), and the
gaps/missing data treatment was ‘complete deletion’.
The core genome tree of 32 Salmonella strains representing
18 serotypes (Supplementary Material Table S1) was constructed
on coding sequences common to all compared genomes using the
all-blast-all program in the NCBI Basic Local Alignment Search Tool
(BLAST), with the criteria set at identity >75% and e-value <1e10.
For each query sequence, only the highest-scoring match above the
deﬁned identity and e-value cut-off in the 32 genomes was
retained. Matched genes were then made into clusters using a Perl
script. Genes present in all 32 genomes were aligned using
ClustalW 2.1 and were concatenated to construct the core genome
for each strain. A phylogenetic tree based on the core genome was
constructed, as described above.2.3. Lineage-speciﬁc genes
Genes present only in all analyzed strains (Supplementary
Material Table S1) of one particular Salmonella lineage but absent
in all the other lineages were considered lineage-speciﬁc. For
further conﬁrmation, all identiﬁed lineage-speciﬁc genes were
searched against the NCBI non-redundant database using BLAST to
exclude genes that had homologues in other Salmonella lineages.
2.4. Identiﬁcation of clinical strains
Clinical strains of Salmonella were single-colony isolated and
cultured in Luria-Bertani (LB) broth; DNA was extracted with a
DNA extraction kit (Sangon Biotech, China). Primers for amplifying
the segments of the selected genes were synthesized by Sangon
Biotech, China. PCR fragments were sequenced using the Sanger
AB3130 platform and the phylogenetic trees were constructed
using MEGA 5.0.
3. Results
A total of 309 Salmonella strains representing 26 serotypes and
having all the seven selected genes, rpoB, and the seven MLST genes
being completely sequenced in the NCBI database were included in
this study. In this analyzed collection, Salmonella Enteritidis was
the predominant serotype (n = 86), followed by Salmonella Agona
(n = 66) and Salmonella Montevideo (n = 37). Other serotypes were
represented by 1 to 32 strains (Table 1).
3.1. The performance of the rpoB gene, the individual MLST genes, and
the newly selected genes in distinguishing different Salmonella
serotypes
The strains representing 20 serotypes formed serotype-speciﬁc
branches on the rpoB gene tree, with the remaining six serotypes
not well discriminated (Figure 1A). While it was not surprising to
see Salmonella Enteritidis and Salmonella Gallinarum clustered
together and Salmonella 4,[5],12:i:- being mixed with Salmonella
Typhimurium, as judged by their phylogenetic relationships, it was
unexpectedly found that strains of Salmonella Newport formed two
separate clusters and the two strains of Salmonella Saintpaul did
not cluster together.
Among the seven MLST genes, sucA distinguished strains
representing 19 serotypes, with the remaining six genes, aroC,
thrA, hemD, dnaN, hisD and purE, distinguishing strains represent-
ing 16, 18, 17, 16, 16, and 15 serotypes, respectively (Supplemen-
tary Material Figure S1, Table 1).
With the exception of nuoG, which only distinguished strains
representing 13 serotypes, the other six genes selected in this
study discriminated the 309 strains very clearly. The clustering
correlated well with serotyping (Supplementary Material
Figure S1, Table 1). Eighteen to 20 serotypes could be discriminated
successfully by these genes.
Salmonella Saintpaul, Salmonella 4,[5],12:i:-, Salmonella New-
port, and Salmonella Typhimurium were the least discriminated
serotypes for rpoB, the MLST genes, and the seven newly selected
genes, although the seven newly selected genes could clearly
discriminate strains of Salmonella Dublin, Salmonella Heidelberg,
and Salmonella Gallinarum/Pullorum (Supplementary Material
Figure S1, Table 1).
3.2. Performance of the concatenated sequences of the selected genes
to reﬂect phylogenetic relationships of the Salmonella serotypes
While examining the combined performance of the concatenat-
ed sequences, trees were constructed and it was found that the
Table 1
The discriminative power of the individual and concatenated MLST genes, the seven newly selected genes, and the rpoB gene in distinguishing 309 strains representing
26 serotypesa
Salmonella serotype Strains Seven MLST gene Seven newly selected gene rpoB
Con_m sucA aroC thrA hemD dnaN hisD purE Con_c srfC yhgE napA entF priA cpdB nuoG
Enteritidis 86                 
Agona 66 H H   H H H H H H H H  H H H H
Montevideo 37      H   H   H     H
Newport 32                 
Typhimurium 25                 
Heidelberg 12 H H H H H    H H H  H H H H H
Gallinarum/
Pullorum
7 H       H H H H H H    H
Kentucky 6 H H H H H H H  H H H H H H H H H
Paratyphi A 6 H H H H  H H H H H H H H H H  H
4,[5],12:i:- 3                 
Dublin 3 H H  H     H H H H H H H H H
Javiana 3 H H H H H H H H H H H H H H H H H
Typhi 3 H H H H H H H H H H H H H H H  H
Weltevreden 2 H H H H H H H H H H H H H H H  H
Cubana 2 H H H H H H H H H H H H H H H H H
Hadar 2 H H H H H H   H H H H H H H H H
Schwarzengrund 2 H H  H H H H H H H H H H H   H
Thompson 2 H H H H H  H  H H H H H H H  H
Virchow 2 H H H H H  H H H H H  H H H  H
Saintpaul 2                 
Choleraesuis 1 H H H H H H H H H H H H H H H H H
Infantis 1 H H H H H H H H H H H H H H H H H
Paratyphi B 1 H H H H H H H H H H H H H H H H H
Paratyphi C 1 H H H H H H H H H H H H H H H H H
62:z4,z23:- 1 H H H H H H H H H H H H H H H H H
Houtenae 1 H H H H H H H H H H H H H H H H H
Discriminated 20 19 16 18 17 16 16 15 21 20 20 19 19 19 18 13 21
MLST, multilocus sequence typing; Con_c: concatenated seven newly selected genes; Con_m: concatenated MLST genes.
a H all strains in the serotype formed one distinct cluster from other serotypes;  strains in one serotype were not clustered together.
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strains of 21 serotypes with better resolution than the MLST genes,
which could delineate strains in 20 serotypes (Figure 1, Table 1).
Strains in ﬁve serotypes – Salmonella Saintpaul, Salmonella
4,[5],12:i:-, Salmonella Typhimurium, Salmonella Enteritidis, and
Salmonella Newport – were not delineated into distinct clusters by
any of the three trees, a fact that might reﬂect the phylogenetic
complexity of bacteria in these serotypes rather than insufﬁcient
resolution power of any the three trees. On the tree of the seven
newly selected genes, the 85 Salmonella Enteritidis strains formed
a single cluster, with only one strain, SARB17, not clustered with it;
conversely, on the rpoB gene tree and the MLST genes tree, the 85
Salmonella Enteritidis strains were mixed with the Salmonella
Gallinarum/Pullorum strains (Figure 1), which does however
reﬂect differences in resolution power among the three trees, as
Salmonella Enteritidis and Salmonella Gallinarum/Pullorum, al-
though very closely related, are unambiguously distinct lineages.25
Additionally, the seven newly selected genes also had a better
resolution for Salmonella Gallinarum and Salmonella Montevideo
than the rpoB gene and the MLST genes.
The trees were then evaluated for their reliability to reveal the
phylogenetic relationships among the bacteria by comparing them
with the tree constructed on the core genome (genes common to
all compared strains). A total of 2304 core gene clusters were found
in the 32 Salmonella genomes. It was found that the topology of the
tree based on the seven newly selected genes was much more
similar to the core genome tree than the rpoB and the MLST gene
trees. In the tree of the seven newly selected genes, the majority of
the serotypes showed similar evolutionary relationships to that of
the core genome tree; for example, Salmonella Typhimurium,
Salmonella Heidelberg, Salmonella Dublin, Salmonella Enteritidis,
Salmonella Gallinarum/Pullorum, Salmonella Paratyphi C, Salmo-
nella Choleraesuis, Salmonella Agona, Salmonella Typhi, and
Salmonella Paratyphi A (Figure 1C, D). However, in the other twotrees, the relationships were thoroughly confused. For example,
the closely related Salmonella Paratyphi A and Salmonella Typhi
were clustered as close neighbors in the tree of the seven newly
selected genes in this study (Figure 1C), consistent with whole
genome analysis (Figure 1D);9 however, they were split up by
other serotypes in the MLST genes tree (Figure 1B). Similar
situations were seen with Salmonella Gallinarum/Pullorum,
Salmonella Enteritidis, and Salmonella Dublin in comparison with
Salmonella Agona and the Salmonella Heidelberg/Salmonella
Typhimurium branches (Figure 1), in which only the tree of the
seven newly selected genes was consistent with whole genome
analysis.
3.3. Concatenated partial sequences of the seven newly selected
genes: similar discriminating power to the concatenated complete
genes and capable of discriminating clinical strains
To save costs on the assays, it was attempted to determine
whether parts instead of the full length of these genes could be
used to discriminate the Salmonella lineages. For the seven MLST
genes, segments of 399–501 bp in size were used, as indicated in
the MLST databases (http://mlst.ucc.ie/mlst/dbs/Senterica/
documents/primersEnterica_html). The locations of the fragments
on the chromosome can be found in Table 2. Since the selection of
the seven genes in the previous study was based on the
polymorphisms of nucleotides to each serotype and it was found
that the polymorphisms were distributed randomly in the genes,
the seven genes were arbitrarily divided into segments consecu-
tively with lengths of about 400–600 bp. The phylogenetic trees
were constructed based on each of the segments and their
discriminating powers were compared, which differed among the
segments (data not shown). The one that had the highest
discriminating power was selected for further analyses (see
Table 2 for locations of the fragments on the chromosome). For
Figure 1. Phylogenetic trees of the Salmonella strains based on the rpoB gene (A), the
concatenated MLST genes (B), the concatenated seven newly selected genes (C), and
the core genome tree (D). Strains marked with a circle failed to cluster with the
strains in corresponding serotypes.
Figure 1. (Continued ).
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similar discriminating power as the complete genes, with rare
exceptions in Salmonella Enteritidis (strain 58–6482) and Salmo-
nella Montevideo (strains 4441H, 8387, SARB30 and 29N;
Supplementary Material Figure S2A). For the seven MLST genes,
the 32 Salmonella Newport strains formed two clusters (Supple-
mentary Material Figure S2B).
The discriminating ability of the fragments of the seven newly
selected genes and the seven MLST genes for clinical strains were
then compared. The fragments of the 14 genes in ﬁve clinical
strains were sequenced and compared with other strains. All ﬁve
strains fell into corresponding places on the tree of the
Table 2
Genomic distribution of the seven newly selected genes and the seven MLST genes along with the segments used for phylogenetic analysis
Gene Locus_tag in LT2 Size (bp) Gene position in LT2 Fragment position in LT2
Seven newly selected genes
nuoG STM2323 2733 2431894–2434626 2431909–2432559
srfC STM1595 2145 1684073–1686217 1685100–1685706
napA STM2259 2487 2356418–2358904 2357020–2357673
yhgE STM3499 1710 3654477–3656186 3654974–3655637
priA STM4095 2199 4303361–4305559 4303825–4304472
cpdB STM4403 1944 4639560–4641503 4639913–4640579
entF STM0588 3885 645462–649346 647403–648102
Seven MLST genes
aroC STM2384 1086 2494541–2495626 2494719–2495369
dnaN STM3837 1101 4042519–4043619 4042852–4043502
hemD STM3937 741 4144312–4145052 4144333–4144953
hisD STM2072 1305 2150617–2151921 2151127–2151586
purE STM0534 510 597116–597625 597163–597617
sucA STM0736 2802 801745–804546 802330–802922
thrA STM0002 2463 337–2799 889–1511
MLST, multilocus sequence typing.
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(Supplementary Material Figure S2A), while in the MLST fragment
tree, the Salmonella Enteritidis strain SE154 failed to cluster with
other Salmonella Enteritidis strains and Salmonella Typhimurium
strain DT104 showed a closer relationship with Salmonella
Saintpaul strain SARA29 than with other Salmonella Typhimurium
strains (Supplementary Material Figure S2B).
3.4. Serotype-speciﬁc genes as potential markers for typing
Although the seven newly selected genes had great discrimi-
nating power for Salmonella strains, as shown above, strains of
some serotypes still could not be well differentiated. It was then
sought to determine whether there might be additional serotype-
speciﬁc genes for use as potential markers of certain serotypes. By
comprehensive analyses, a series of serotype-speciﬁc genes was
identiﬁed in 13 serotypes (Supplementary Material Table S2).
These genes were present in all of the analyzed strains of one given
serotype, but not in any of the other serotypes in the NCBI non-
redundant database. One such serotype-speciﬁc gene was identi-
ﬁed in Salmonella Typhimurium and as many as 146 such serotype-
speciﬁc genes in Salmonella Paratyphi B. Most of the serotype-
speciﬁc genes are contiguous in the genome and are phage-related.
For example, in Salmonella Typhi, from t1351 to t1397, there
are 39 serotype-speciﬁc genes encoding bacteriophage-related
proteins or hypothetical proteins with unknown functions. There
are also some genes with evident functions like O-antigen
formation, such as the SNSL254_A2006, SNSL254_A2266, and
SNSL254_A2264 in Salmonella Newport, which encode O-acetyl
transferase, O-antigen polymerase, and glycosyl transferase,
respectively. Most of the serotype-speciﬁc genes that were
identiﬁed in this study encode hypothetical proteins with
unknown functions. Further studies on these genes may lead to
new insights into the evolution of individual serotypes, especially
their roles in pathogenesis.
4. Discussion
Various molecular methods have been applied in an attempt to
replace the conventional serotyping method for Salmonella, but their
discriminative ability is usually insufﬁcient to distinguish different
Salmonella serotypes. In this work, seven newly selected genes were
assessed by comparison with the rpoB gene and the seven MLST
genes for the differentiation of Salmonella lineages. The rpoB gene
encodes the b subunit of DNA-dependent RNA polymerase. Multiple
studies have shown that rpoB-based analysis could effectively
overcome the intrinsic limitations of the intra-species heterogeneityof 16S rRNA26,27 and could clearly differentiate among Legionella and
Salmonella species.23,28,29 In this study, the concatenated sequences
of the seven newly selected genes showed higher resolution than
rpoB and the MLST genes, especially for Salmonella Enteritidis,
Salmonella Gallinarum/Pullorum, and Salmonella Newport. Salmo-
nella Newport is known to be polyphyletic,30 including at least two
distinct sub-lineages; this was resolved in the present study only on
the tree of the seven newly selected genes. These results
demonstrate that the seven newly selected genes should be good
candidates for Salmonella typing and their high discriminating
power may be attributed to the polymorphic sites indicated in the
previous study.24
Of great signiﬁcance, among the three phylogenetic trees, only
the one based on the seven newly selected genes showed similar
evolutionary relationships of the bacteria with that revealed by the
core genome tree. Strains of some serotypes such as Salmonella
4,[5],12:i:- could not be discriminated from another serotype
(here, Salmonella Typhimurium) by any of the three phylogenetic
trees, which is consistent with reports by other researchers using
MLST, PFGE, and ampliﬁed fragment length polymorphism.31 In
the case of Salmonella 4,[5],12:i:-, an explanation could be that
4,[5],12:i: may be polyphyletic and some of its members might
be closely related to Salmonella Typhimurium but some others may
be more distantly related.
Bacteria constantly need to adapt to the new host and external
environment, often by obtaining novel genetic traits through
accumulating mutations or acquiring laterally transferred genes
(LTG). As the accumulation of mutations in core genes requires a
long evolutionary time and the acquisition of LTG may take place at
any time point, the use of core genes only may not precisely resolve
newly developed sub-lineages of bacteria that have just acquired
new LTGs to become a speciﬁc pathogen. For this reason, genes that
are speciﬁc to only a single serotype or even a subset of a single
serotype (especially while assuming that a given serotype might be
polyphyletic) were sought. Such genes were identiﬁed in some
serotypes, e.g., SNSL254_A2266 in Salmonella Newport, which
encodes O-antigen polymerase. Many serotype-speciﬁc genes
identiﬁed in this study were phage-related, reiterating the
important roles of phage-mediated LTGs in bacterial evolution
and their value in the identiﬁcation of the Salmonella pathogens.
On the whole, in the current study, both the seven individual
newly selected genes and their concatenated sequence showed a
high power to discriminate different Salmonella serotypes. With
the rapid developments made in genome sequencing, more and
more Salmonella strains that have had all of the seven newly
selected genes sequenced should be deposited in the database; the
discriminatory power of the seven genes can then be tested further
Q.-H. Zou et al. / International Journal of Infectious Diseases 49 (2016) 134–140140with these strains. At the same time, since most of the seven newly
selected genes show a good power to discriminate different
serotypes, the discriminatory power of different combinations of
these genes could be explored further.
In conclusion, seven newly selected genes that could differen-
tiate 309 Salmonella strains into distinct clusters were identiﬁed in
this study. Additionally, a set of serotype-speciﬁc genes was found,
the combined use of which with the seven newly selected genes
could type Salmonella isolates with high discriminating power.
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